Background Periprosthetic joint infection (PJI) is a devastating complication after total joint arthroplasty. Lack of confirmation of an infecting organism poses a challenge with regard to the selection of an appropriate antibiotic agent and surgical treatment. It is unclear whether patients with negative cultures presumed to have infections achieve similar rates of infection-free survival as those with positive cultures. Questions/purposes The purposes of this study were (1) to report the infection control rates using irrigation and débridement and two-stage exchange for treatment of culture-negative PJIs; and (2) to compare infection control rates in culture-negative cases with those in culturepositive cases. Methods We retrospectively reviewed 55 patients with culture-negative PJI treated between 2000 and 2007. We compared the infection-free survival rate in the culturenegative patients with that of 295 culture-positive cases of PJI. Results Overall infection control rate in culture-negative cases was 73% at minimum 1-year followup (mean, 47 months; range, 12-119 months). We found similar infection control rates in culture-negative and culturepositive PJI. Infection-free survival rates in both groups were highest after two-stage exchange arthroplasty and postoperative vancomycin therapy. Conclusion Our observations suggest aggressive twostage exchange arthroplasty and postoperative parenteral vancomycin therapy in patients with culture-negative PJI achieves similar rates of infection-free survival as with patients having culture-positive PJI.
Introduction
Throughout many decades of total joint arthroplasty (TJA) procedures, periprosthetic joint infection (PJI) has remained one of the most devastating postoperative complications. Infection rates after primary hip and knee arthroplasty occur in approximately 0.3% to 2.0% after primary TJA [9, 11, 18, [20] [21] [22] and from 1% to 9% after revision arthroplasty [5, 8, 17] . Not only is PJI associated with high morbidity, but the economic burden is high [11] .
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Treatment of PJI depends on various factors such as patient presentation, patient comorbidities, prosthetic factors, pathogen factors, and physician judgment. Two-stage revision with resection of the prosthetic joint combined with implantation of an antibiotic-impregnated polymethylmethacrylate cement spacer in the first stage, followed by later prosthesis reimplantation, controls the infection in culture-positive cases in 80% to 90% of patients [2, 4, 7] . However, in a culture-negative PJI, the effectiveness of a local intraarticular antimicrobial spacer is unclear. Furthermore, choosing appropriate antibiotic therapy is difficult. Therefore, it is important to understand the rates of infection control of various surgical interventions and determine whether the antibiotic choices in culture-negative PJIs control the infections.
The purposes of this study were (1) to report the infection control rates using irrigation and débridement (I&D) and two-stage exchange for treatment of culturenegative PJIs; and (2) to compare infection control rates in culture-negative cases with those in culture-positive cases.
Patients and Methods
We retrospectively reviewed 462 consecutive cases of suspected PJIs of the knee and hip at our institution between January 2000 and December 2007. Patients were identified using a prospectively maintained institutional database, which includes billing data, clinical microbiology data, and a TJA registry that included outcomes and complications. Criteria for defining PJI were based on the new diagnostic criteria proposed by the MSIS work group in 2011 [19] . Because intraoperative histopathology was not used at our institution, we considered cases infected if there was a pathogen isolated from at least two separate cultures (tissue or fluid) obtained from the infected joint, if there was presence of a sinus tract communicating with the prosthesis, or if three of the following five were present: (1) an abnormal preoperative C-reactive protein (CRP) of Fifty-five of the 462 total cases (11.9%) had a presumed culture-negative PJI, whereas 407 had positive cultures. Seven patients with culture-negative and 112 patients with culture-positive infections had \ 1 year of followup available and were excluded from the study. Of the 48 remaining culture-negative patients, there were 19 males and 29 females (21 hips and 28 knees; one patient had bilateral knee infections). Mean age was 63.7 years (range, 39-85 years), and the average body mass index (BMI) was 31.8 kg/m 2 (range, 18.6-58.7 kg/m 2 ). Minimum followup was 12 months (average, 47 months; range, 12-119 months). The comparison group of culture-positive PJIs included 295 cases (250 patients) treated between January 2000 and December 2007 with a minimum 1-year followup. The mean of the 250 patients age was 66.7 years (range, 18-89 years), and the average BMI was 32.0 kg/m 2 . Minimum followup was 12 months (average, 33.2 months; range, 12-125.7 months). No patients were recalled specifically for this study; all data were obtained from medical records and followup telephone calls in 12 of the culturenegative patients and 38 of the culture-positive patients. We had prior institutional review board approval.
Age, sex, BMI, Charlson Comorbidity Index, and time between index surgery and initial treatment for infection were similar between the culture-negative and culturepositive patients ( Table 1) .
We reviewed the culture results of all treated patients. The culture was considered positive if the pathogen was isolated on solid media by the microbiology laboratory; light growth or very light growth was defined as a positive culture finding in this study. According to standard practice at our institution, every specimen was sent for aerobic/ anaerobic, fungal, and acid-fast bacilli culture. Both solid media and broth were used. In all treated cases of suspected infections, two or more intraoperative specimens (based on the practices of the individual surgeons) were obtained from areas representative of inflammation during each surgical procedure. In 10 samples, culture was positive in broth only. However, in each of these cases, a positive culture from a different sample isolated the same organism on solid media. Therefore, these broth cultures were considered positive.
In the 48 culture-negative patients, 33 patients initially underwent planned two-stage exchange, six of whom were never reimplanted. Twelve patients initially underwent I&D with component retention. The polyethylene was changed in 11 of 12 cases. In one case, the polyethylene was washed with Betadine and reinserted. Another three patients underwent one-stage exchange. Although a standardized protocol was not used to determine two-stage exchange versus I&D versus single-stage exchange, all surgeons were from a single institution and used similar principles in determining treatment of choice. In general, the decision to use I&D therapy was based on a combination of factors, including acute postoperative infections within 6 weeks after the index procedure, presence of nonresistant organisms, and a relatively healthy patient based on each clinician's judgment. Two-stage exchange, which includes resection of the component, débridement of the joint, and implantation of an antibiotic-impregnated cement spacer followed by reimplantation surgery, was generally used for chronic infections. One-stage exchange was performed in three patients who had substantial medical comorbidities, suboptimal control of chronic systemic conditions, and the surgeon presumed they would not likely tolerate a two-stage procedure.
Data on postoperative antibiotic administration were recorded. Thirty-nine patients completed at least 4 weeks of intravenous (IV) vancomycin administration as suggested by an infectious disease consultant. Two of these patients received combination antibiotics; one received IV ciprofloxacin along with IV vancomycin and the other received IV doxycycline with IV vancomycin. Additionally, of the 39 patients who received IV vancomycin, four patients also received oral ciprofloxacin every 12 hours, one received oral rifampin, one received IV ceftriaxone, and one received oral vancomycin along with IV vancomycin therapy. Of the patients who did not receive vancomycin, four patients received ceftriaxone, one received ceftazidime, one received daptomycin and oral ciprofloxacin, one received IV nafcillin, and one patient did not receive IV antibiotics. This patient was suspected to have PJI and received two-stage exchange arthroplasty, but antibiotics were stopped when the patient's cultures all came back negative per infectious disease doctors. Nevertheless, the patient had met our definition of infection based on serologic, synovial fluid, and intraoperative findings. This patient eventually failed 2 years later and required repeat two-stage exchange arthroplasty.
Patients were routinely followed up in the office at 6 weeks postoperatively, 3 months, 6 months, and annually thereafter. If there was concern for recurrent infection, patients would be seen back earlier. At each followup, surgeons evaluated serum markers of infection including ESR and CRP, and radiographs would be taken. Joints would be aspirated if there was concern for infection. Patient hospital and outpatient charts were reviewed to determine the outcome of treatment and any postoperative complications. Demographics and comorbidity data were also collected. Infection control was defined as the preservation of the prosthesis in the index joint without any further surgery related to infection.
Chi-square, descriptive, and Student's t-test analyses were used to compare demographics and comorbidities between the culture-negative and culture-positive groups. Kaplan-Meier survival analyses were performed to compare infection-free survival rates of two-stage and I&D treatments between the culture-negative and culture-positive cases. Log-rank tests were used to determine differences in infection-free survival between the two groups. Statistical analyses were performed using SPSS Version 20 (IBM, Armonk, NY, USA).
Results
Overall infection control rate in culture-negative cases was 73% at minimum 1-year followup (mean, 47 months; range, 12-119 months). Six of the 12 patients who underwent I&D as their initial treatment required repeat surgery for infection an average of 4.8 months after I&D (range, 1-13 months) ( Table 2) . Of the 33 patients who underwent planned two-stage exchange, three had failed previous I&D. Six of these 33 patients never underwent reimplantation as a result of extensive comorbidities. In the remaining 27 patients (eight of 27 patients), the three patients who underwent one-stage resection were infectionfree at an average of 73 months (range, 32-119 months). Of the six culture-negative patients who failed I&D treatment, three patients underwent an additional two-stage exchange, two patients had spacer implantation only, and one patient underwent above-knee amputation. Of the eight culture-negative patients who failed two-stage exchange treatment, five patients had repeat two-stage exchange, two patients underwent I&D, and one underwent one-stage exchange. Complications other than infection included a periprosthetic fracture treated with open reduction and internal fixation 6 months postoperatively in the two-stage exchange group. Antibiotic choices in the cement spacers included vancomycin and tobramycin in 28 of 33 patients who underwent spacer implantation. Information on the remaining five spacers was unavailable. Thirty-nine patients were treated with postoperative parenteral vancomycin. Eleven (28.2%) failed treatment and required repeat surgical intervention. The overall infection control rate was similar (p = 1.00) in culture-negative and culture-positive cases, 73% versus 73%, respectively. We found no difference between culture-negative and -positive implant survival rates after initial I&D (p = 0.73) ( Fig. 1) and two-stage exchange arthroplasty (p = 0.96) (Fig. 2) .
Discussion
The diagnosis, risk factors, treatment options, and clinical outcomes of PJI have been extensively discussed in the past two decades. However, data on culture-negative PJIs are relatively rare in the literature. Malekzadeh et al. [13] reported the largest series of culture-negative PJI, which includes 135 cases (10.6% incidence) within 16 years. In their series, the free of treatment failure rate of culture-negative PJI at 5 years after I&D and two-stage exchange was 79% and 78%, respectively, compared with 74% and 51%, respectively, in culture-positive PJIs. Berbari et al. [3] reported on a cohort of 62 culture-negative PJIs (7% incidence), finding a 71% survival free of treatment failure after I&D and 94% after two-stage exchange. Bejon et al. [2] also described a cohort of 152 PJIs including 62 culture-negative PJIs that underwent two-stage exchange arthroplasty with an overall infection control rate of 83% at 5.75 years followup. They found no difference between treatment failure in culture-negative and -positive cases. We found an infection-free survival rate of 50% after I&D and 70% after two-stage exchange arthroplasty in a cohort of 48 culture-negative PJIs that was similar to 45% and 78%, respectively, in a comparison group of 295 culturepositive PJIs. Our study aims to report the outcomes of treatment for culture-negative PJI, compare infection control rates with those after similar treatments in culture-positive cases, and identify the antibiotic therapies used in culturenegative cases identified using a strict definition of infection.
Inevitably, there are few limitations in our study. First, the treatment methods were not standardized. Thus, some important intraoperative factors in PJI treatment such as intraarticular spacer drug choice/dose and tissue status could not be controlled. However, the two groups were similar in their demographic distribution, Charlson Comorbidity Index, and time to initial treatment. Second, we determined only the survival rate of the prosthetic joint and not patient satisfaction or function. This decision was made to stay within the realm of our study objective: to report the objective outcome of infection-free survival. Determining functional status would be an important but separate study. Third, seven of 55 patients (13%) were lost to followup. Nevertheless, the percentage of patients lost to followup was small and likely would not influence the findings of our study unless the majority of these lost cases had become reinfected. Fourth, intraoperative tissue sampling for cultures was not uniform among all surgeons. However, 90% of cases had documentation of at least two tissue samples taken from separate locations.
Regardless of a positive or negative culture, it is clear that the choice of surgical procedure greatly affects the treatment result of PJIs (Table 3 ). The 10-to 15-year infection-free survival rate of two-stage exchange arthroplasty was 96% in one series in culture-positive patients [4] . Other studies report an overall infection control rate can be high as 91% to 100% at followup, ranging from 19 to 76 months after twostage exchange for culture-positive PJI [4, 7, 12] . In patients with culture-negative PJI, the estimated 5-year infection control rate after two-stage treatment is reportedly lower than that in culture-positive cases at 79% [2, 13] . Nevertheless, we found similar infection control rates can be achieved in culture-negative and culture-positive infections when treated with two-stage exchange arthroplasty.
I&D reportedly has lower infection control rates than two-stage exchange in treatment of PJI [6, 8, 10] . Although I&D is a relatively simple procedure with low morbidity, the infection control rate has been estimated as low as 44% to 60% after 2 to 5.7 years of followup [1, 15] . The decision to retain the prosthesis in situ or resect it as a result of PJI is still controversial in acute hematogenous infections or cases of PJI with well-fixed components. However, our data suggest that in both culture-negative and culture-positive PJI, there are higher infection control rates observed in patients undergoing two-stage treatment compared with those undergoing I&D.
Antimicrobial therapy plays another important role in the treatment of PJI. In the majority of PJIs, preoperative joint fluid or intraoperative tissue culture is able to isolate a responsible organism, allowing physicians to use directed intravenous antibiotic therapy. A majority of PJIs (65%-90%) is caused by common aerobic Gram-positive microorganisms [14, 16] with most identified as Staphylococcus species, which can be effectively treated by parenteral vancomycin. Aerobic Gram-negative bacilli are less frequently isolated, and anaerobic organisms are even rarer. Our higher infection control rates with vancomycin compared with other parenteral antibiotics suggest that vancomycin-sensitive Gram-positive organisms may still be the most common culprit in culture-negative infections.
Infection control rates of treatment for culture-negative PJIs appear to be similar to those in culture-positive infections. Although all possible efforts should be made to identify the culprit organism in a case of PJI to guide antibiotic therapy, our findings suggest appropriate procedure selection plays a large role in long-term infection control. Furthermore, with the high incidence of Gram-positive PJIs and the increased incidence of vancomycin-susceptible Staphylococcus aureus in recent years, vancomycin seems to be a logical first choice in culture-negative patients. Therefore, we recommend aggressive two-stage exchange arthroplasty and a trial of postoperative parenteral vancomycin therapy in patients with culture-negative PJI.
